Yersinia enterocolitica is a common cause of acute gastroenteritis. This study aimed to clarify the mechanisms leading to barrier dysfunction and diarrhea. Exposure of human colonic HT-29/B6 cells to Y. enterocolitica resulted in a decrease in transepithelial resistance from 404 ± 23 to 163 ± 21 O cm 2 (Po0.001) in parallel with an increase in mannitol (182 Da) and fluorescein (332 Da) permeability, whereas short circuit current did not change. This effect was time dependent, required the presence of living bacteria, could not be triggered by bacterial supernatants and was not due to Yersinia outer proteins. Concomitantly, Y. enterocolitica induced necrosis as indicated by an increase in lactate dehydrogenase-release, whereas epithelial apoptosis was not upregulated. Local changes in conductivity were detected by conductance scanning, indicating 'leaky regions' within the epithelium that were visualized by biotinylation and confocal microscopy. In these regions, claudin-3 and -4 and, especially claudin-8, were redistributed off the tight junction (TJ) into the cytoplasm. In addition, the expression of claudin-2, -3, -8, -10 and ZO-1 was diminished as quantified by immunoblotting. Moreover, we found claudin-8 to be regulated by the c-Jun N-terminal kinase, the inhibition of which attenuated the Y. enterocolitica-induced decrease in transepithelial resistance and restored claudin-8 protein level. In conclusion, barrier dysfunction in Y. enterocolitica infection is due to circumscribed epithelial TJ protein changes and necrotic cell loss, as a consequence of which leak flux diarrhea and antigen-uptake provoking extraintestinal arthritis may be triggered.
Yersinia enterocolitica is a gram-negative, enteropathogenic bacterium causing acute gastroenteritis, pseudoappendicitis and mesenteric lymphadenitis. Depending on age and immune status of the host, systemic manifestations, including reactive arthritis, erythema nodosum, uveitis and septicaemia can be further complications of the infection. 1, 2 Y. enterocolitica is a typical foodborne pathogen, which is primarily found in ground pork or refrigerated food, because of its ability to multiply at temperatures close to 01C. Transmission occurs mainly through the fecal-oral route.
Y. enterocolitica is known to express different sets of temperature-dependent virulence factors. A general infection model displays that ingested Y. enterocolitica, grown below 301C are motile and express the outer membrane protein invasin, which binds with high affinity to b1-integrins exposed on M-cells located between the enterocytes. Invasin has an important role for internalization of yersiniae. Y. enterocolitica is internalized by 'zipper-like mechanisms', passes the M-cell and reaches the Peyer's patches, in which it is able to proliferate and produce plasmid-encoded virulence factors. At 371C body temperature Y. enterocolitica is not motile and expresses a type-III-secretion system, as well as Y. enterocolitica outer proteins (Yops), from its virulence plasmid (pYV). By translocating the Yop-effector proteins by the type-III-secretion system into the cytosol of the host cell Y. enterocolitica is assumed to suppress immune response (for review see Grassl et al 3 ). The role of an enterotoxin that is exclusively produced below 301C in vitro is not clear so far, but most data argue against a prominent role of a secretory response by c-GMP from this toxin in vivo. 4, 5 However, although Y. enterocolitica is a well-studied organism, only little is known about the underlying mechanisms by which this pathogen causes barrier dysfunction leading to diarrhea and possible antigen uptake. The impact of acute Y. enterocolitica infection on intestinal barrier function was studied by our group in a mouse model in the past. Infection of mice with Y. enterocolitica O8 resulted in a decrease of epithelial resistance as measured by impedance spectroscopy, but showed unaltered Na þ -glucose co-transport or electrogenic Cl À secretion. 6 During the last two decades several enteric pathogens were described to disturb the intestinal barrier in different ways, including induction of local cell damage, eg by apoptosis, necrosis or focal leaks, [7] [8] [9] stimulation of fluid and electrolyte secretion, activation of inflammatory cascades, as well as disruption of the tight junction (TJ) of epithelial cells. 10 TJs are known as key determinants of barrier function. 11, 12 Localized between adjacent epithelial cells they limit the paracellular diffusion and regulate barrier function in response to different physiological requirements and stimuli. 13, 14 TJs are composed of four different types of transmembranal proteins, namely occluding, 15 claudins, 16 junctional adhesion molecules 17 and tricellulin. 18 These proteins interact with each other, as well as with the actin cytoskeleton and membrane associated cytosolic proteins (ZO-1, -2 and -3), performing the structural organisation of the junctional complex and enabling regulatory inputs. [19] [20] [21] In particular claudins, representing the major family of TJ proteins, are known to comprise sealing, but in part also pore-forming properties. 22 Disruption of TJ integrity can cause severe barrier dysfunctions as known from eg Vibrio cholerae zonula occludens toxin 23 or Clostridium perfringens enterotoxin. 24 In the present study, we aimed to characterize barrier dysfunction induced by Y. enterocolitica in a cell culture model, in order to reveal diarrheal and barrier disturbing mechanisms.
MATERIALS AND METHODS Cell Culture
The cell line HT-29/B6, a subclone of the human colon carcinoma cell line HT-29, is an appropriate model to study barrier function, reflected by (R t ). 25 
Bacterial Growth Conditions And Infection
Bacterial strains used in this study are listed in Table 1 . Y. enterocolitica wild-type bacteria were grown in LuriaBertani Broth (MP Biomedicals, Illkirch, France) at 271C over night. Bacterial mutant strains were cultured in presence of 10 mg/ml nalidixin acid or 25 mg/ml kanamycin.
For infection, a 1:8 dilution of the bacterial over-night culture was incubated for additional 2 h at 271C. Bacteria were harvested from log-phase cultures, washed and re-suspended in RPMI. For preparation of bacterial culture supernatant or lysate bacteria were grown in RPMI medium. Culture supernatant was filtrated using 0.2 mm ME DynaGard Syringe Tip Filter (Spectrum Laboratories, Rancho Dominguez, CA, USA) and concentrated using Amicon Ultra-15 centrifugal filter units (Millipore), bacterial lysate was produced from 250 ml culture by means of a hydraulic press (FRENCHPress, Thermo Spectronic, Cambridge, UK).
Before infection confluent monolayers of HT-29/B6 cells were shifted to serum-and antibiotic-free RPMI medium. Cells were infected with 10 8 or 10 7 bacteria from the apical side equalling a multiplicity of infection (MOI) of 100 or 10. Incubation was carried out at 371C in an atmosphere of 95% O 2 and 5% CO 2 . 2.5 h post infection (p.i.) 100 mg/ml gentamicin was added.
In parallel to infection with Y. enterocolitica strains, four types of controls were performed: (i) without adding bacteria, (ii) with addition of heat-inactivated bacteria (carried out at 951C or 561C for 15 min), (iii) lysates or supernatants and (iv) infection with E. coli K12. Labeled dyes were added to the mucosal side and samples were taken from the basolateral chamber at specific intervals. Fluorescence was measured in a spectrofluorimeter (SpectraMaxGemini, Molecular Devices, Sunnyvale, CA, USA), [ 3 H]-mannitol was analysed in a Tri-Carb 2100TR liquid scintillation counter (Packard, Frankfurt, Germany) using Ultima Gold high flash-point liquid scintillation cocktail (PerkinElmer LAS GmbH, Rodgau-Jügesheim, Germany). Permeability was calculated from flux over concentration difference.
Measurement of Transepithelial Resistance

Electrogenic Chloride Secretion
Chloride secretion was examined in Ussing-type chambers by the addition of 10 À5 M of the blocker bumetanide or 10 À5 M of the inductor forskolin (Sigma-Aldrich) to the basolateral chamber and by quantifying the resulting changes in short circuit current (I SC ).
Measurement of Calcium Response
Intracellular calcium measurements were carried out as described previously 29 using the Ca 2 þ -sensitive dye fura-2AM based on methods described by Grynkiewicz et al. 30 Briefly, before each experiment HT-29/B6 cultured on coverslips were incubated with 2 Â 10 À5 M fura-2AM (Sigma-Aldrich) in HEPES-Ringer's solution (in mM: 151 Na
À , 10 HEPES and 5 glucose) for 30 min at 371C. Then the coverslip was placed into a perfusion chamber. After extracellular dyes were washed out HT-29/B6 monolayers were perfused with HEPES-Ringer's solution containing vital or heat-inactivated Y. enterocolitica (10 8 per ml) up to 1 h. Measurements were performed at 371C or room temperature. The excitation light was generated by a xenon lamp (Osram XPO 75 W/2) filtered by two rotating filters (6 per s) at 340 and 380 nm. The resulting fluorescence of fura-2AM was detected at 510 nm by a photomultiplier (Hamamatsu 928 SF) with consequent signal detection with an EPC-9 patch-clamp amplifier. Changes in the 340/380 nm fluorescence ratio represented changes of intracellular calcium level. Calcium mobilization from intracellular stores was stimulated by application of 300 mM ATP (Sigma-Aldrich).
The influence of calcium-chelation on R t after infection with Y. enterocolitica was measured after application of membrane permeable BAPTA-AM (Calbiochem, Darmstadt, Germany) to the basolateral compartment. Confluent monolayers were shifted to RPMI medium and treated with 10 À5 -M BAPTA-AM 1 h before infection. Infection procedure was carried out as described above. The 5 h p.i. BAPTA-AM was removed by basolateral medium exchange. R t was measured 48 h.
Two-Path Impedance Spectroscopy
Epithelial resistance (R epi ), transcellular resistance (R trans ) and paracellular resistance (R para ) of HT-29/B6 monolayers were measured by two-path impedance spectroscopy as published recently. 31 Briefly, filters were mounted in Ussingtype impedance chambers and bathed with Ringer's solution. Sinusoidal currents in frequencies from 1 to 65 kHz were provided by a programmable frequency response analyzer (402, Beran Instruments, Devon, UK) in combination with an electrochemical interface (1286, Solartron Schlumberger, Farnborough, UK). Additionally, fluxes of the paracellular marker, fluorescein were measured. Change of R para was forced by Ca 2 þ removal using ethylene glycol tetraacetic acid (EGTA) and the resulting impedance spectra and fluxes before and after chelating extracellular Ca 2 þ were used for calculation.
Conductance Scanning
To examine the spatial distribution of conductivity conductance scanning was performed. Briefly, the cell monolayer was placed horizontally in a chamber between two electrodes. Although an electric current passed through the monolayer, the resulting electric field was detected on the apical side of the cell layer with a pair of microelectrodes. The tissue conductivity could be calculated from the potential difference between these two electrodes. Local changes were detected by an increase from basic conductivity when scanning parallel to the surface of the cell layer. For detailed description see Troeger et al 9 and Gitter et al.
32
Lactate dehydrogenase (LDH) Release Assay As an indicator of cell disruption the LDH release from the cells was measured according to Madara and Stafford. 33 The LDH content was measured in apical supernatants and in whole residual cells after detergent extraction with 2% Triton X-100 for 20 min. The total LDH content of residual cells was set as 100% and LDH released into supernatants was calculated.
TUNEL-Staining for Apoptosis
Cells were removed from filter supports with 0.5%. Trypsin-EDTA (Invitrogen, Karlsruhe, Germany) at 371C. RPMI medium containing 10% fetal calf serum and 1% penicillin/ streptomycin was added and cells were separated with a pipette tip. Cell suspensions were washed three times with phosphate-buffered saline (PBS) and cellular DNA was stained with terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labelling (TUNEL, In situ Cell Death Detection Kit, Fluorescein, Roche, Mannheim, Germany) according to the manufacturer's protocol. Samples were analysed by fluorescence activated cell sorting (FACSCalibur, BD Biosciences, Heidelberg, Germany). The apoptotic ratio was calculated as percentage of TUNELpositive cells within total cells. As positive control apoptosis was induced with a combination of 500 U/ml tumor necrosis factor a (TEBU, Offenbach, Germany) and 10 ng/ml interleukin-13 (R&D systems, Wiesbaden, Germany) in HT-29/B6. 34 Both cytokines were added to the basolateral compartment and incubation was carried out at 371C for 48 h.
Western Blot
For protein expression analysis the western blot technique was applied as described previously. 35 Whole cell extracts were generated with ice-cold lysis buffer, including 10 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 0.1% SDS and complete protease inhibitor mixture (Roche). After incubation for 30-60 min on ice, insoluble material was removed by centrifugation at 15 000 g for 15 min at 41C. 
Biotinylation Assay
Visualization of 'leaky regions' in HT-29/B6 monolayers was performed 48 h p.i. using Sulfo-NHS-SS-Biotin, an aminereactive biotinylation reagent, which binds to freely accessible primary amino groups of proteins. On tight monolayers only proteins exposed at the apical cell surface are accessible for the apically added 606 Dalton Sulfo-NHS-biotin. In contrast, barrier defects enable the reagent to gain access also to the basolateral space. Subsequent labelling of bound biotin using a fluorescence-labelled streptavidin can visualize loci of increased macromolecule passage.
Biotinylation combined with immunostaining of TJ proteins and subsequent analyses by confocal scanning microscopy was carried out as follows. Medium was removed and monolayers resting on filter supports were washed and placed in PBS containing calcium and magnesium (PBS, PAA Laboratories GmbH). In order to exclude internalization of biotin, HT-29/B6 monolayers were cooled to 41C, before 1 mg/ml Sulfo-NHS-SS-Biotin (Cell Surface Protein Isolation Kit, Thermo Fisher Scientific, Bonn, Germany) was added to the apical side. Binding was allowed for 30 min at 41C. Afterwards Sulfo-NHS-SS-biotin was removed and residual amine-reactivity was quenched by washing with ice cold 100 mM glycin, followed by two further washing steps with TRIS-buffered saline and PBS. Fixation was carried out with 2% paraformaldehyde at room temperature for 30 min. Cells were permeabilized with 0.05% Triton X-100 diluted in PBS and TJ proteins were immunostained with TJ-antibodies (claudins 1:100, ZO-1 and occludin 1:200, Zymed) followed by incubation with Alexa Fluor 488 goat anti-mouse IgG or Alexa Fluor 488 goat anti-rabbit IgG (1:500, Invitrogen) and Alexa Fluor 594 conjugated streptavidin (1:100, Invitrogen). Biotinylation and changes in the TJ meshwork were visualized by confocal laser-scanning microscopy (Zeiss LSM 510META, Jena, Germany), using excitation wavelength of 543 nm for streptavidin-biotin and 488 nm for TJ proteins.
Freeze Fracture Electron Microscopy
Freeze fracture electron microscopy analysis was carried out as described previously 36 and is described in detail in the supplement.
Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from HT-29/B6 cells by Trizol (Invitrogen) following the manufacturer's protocol. For RT-PCR High-Capacity cDNA Archive Kit (Applied Biosystems, Mannheim, Germany) was used. RT-PCR was carried out using TaqMan Gene Expression Assay no Hs00273282_s1 for human claudin-8, Hs00265816_s1 for claudin-3 and Hs00268480_m1 for ZO-1. Human glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Applied Biosystems) served as endogenous control. Claudin-8-and GAPDH-cDNA were quantified by VIC and FAM reporter dyes covalently attached to the 5 0 -terminal base of the probes. PCR was set up in duplicates, and threshold cycle values of the target genes were normalized to the endogenous control. Differential expression was calculated according to the 2 ÀDDCT method.
Inhibition of Signaling Pathways
Confluent monolayers were shifted to RPMI medium containing 2% fetal calf serum. Around 2 h before infection cells were treated with 10 mM c-Jun-terminal kinase inhibitor SP600125 (Sigma-Aldrich) or equal amounts of DMSO as control from both sides. Alternatively, 2.5 mM JNKi-1 (Enzo life Sciences, Loerrach, Germany) was applied. Infection procedure and measurement of R t were carried out as described above. For all other inhibitors tested in this study please see Supplementary Table 1 .
Statistics
All data are expressed as means ± s.e. of the mean (s.e.m.). Statistical analysis was performed using Student's t-test, adjusted by Holm-Bonferroni correction for multiple comparisons. Po0.05 was considered significant (*Po0.05, **Po0.01 and ***Po0.001).
RESULTS
Infection With Y. enterocolitica Results in a Decrease of Transepithelial Resistance
Confluent monolayers of HT-29/B6 grown on permeable supports were infected with 10 8 or 10 7 Y. enterocolitica O9 from the apical side and were incubated at 371C. The bacteria were killed by addition of gentamicin 2.5 h p.i. Barrier integrity was monitored by measuring the R t over 48 h at 371C. In contrast to uninfected control monolayers, which exhibited only a slight decrease from initial resistance (85±6%; n ¼ 6), 10 8 Y. enterocolitica reduced R t to 40±6% of initial resistance (Po0.01; n ¼ 6) at 48 h p.i. 10 7 bacteria diminished R t to 60±8% (Po0.05; n ¼ 6) suggesting a dosedependence ( Figure 1a) . The E. coli K12 strain was tested as a bacterial negative control and did not reveal any significant differences compared with uninfected controls (71 ± 2% in K12-treated monolayers. vs 89 ± 10% in controls; n ¼ 4).
Characterization of Barrier Impairment
All subsequent analyses were performed on monolayers infected with 10 8 vital Y. enterocolitica O9 in parallel to untreated controls at 48 h p.i. To further analyze epithelial barrier function monolayers were mounted into modified Ussing-type chambers. I SC was examined and unidirectional flux measurements with uncharged molecules of different size were performed.
Basal I SC was not affected by Y. enterocolitica (Figure 1b) . Moreover, changes of I SC did not significantly differ from controls when chloride secretion was stimulated: Forskolin induced an increase in I SC of about 5.3 ± 0.2-fold in controls and 6.4 ± 0.6-fold in infected monolayers (n ¼ 3). Inhibition of chloride secretion by bumetanide reduced I SC about 1.3±0.04-fold in controls and 1.2±0.05-fold in Y. enterocolitica-treated cells.
In contrast, permeability for mannitol (182 Da, Stokesradius 3.6 Å ) was increased 2.2-fold, namely from 2.3 ± 0.2 in control to 5.3 ± 0.3 Â 10 À6 cm/s in Y. enterocolitica-treated monolayers (Po0.0001; n ¼ 6). A 6-fold permeability increase was measured for fluorescein (332 Da, 4.5 Å ). The permeability was enhanced from 0.33 ± 0.1 in control to 1.79 ± 0.3 Â 10 À6 cm/s in infected monolayers (Po0.01; n ¼ 6). However, when macromolecule permeation of 4 kDa fluorescein isothiocyanate-dextran (B13 Å ) was examined, no significant changes were observed between controls (0.17±0.1 Â 10 À6 cm/s; n ¼ 6) and Y. enterocolitica-infected cells (0.28±0.1 Â 10 À6 cm/s; n ¼ 6) (Figure 1c) .
Identification of Barrier Defect
The conductance scanning-technique was applied to elucidate whether increased conductance occurred homogeneously distributed over the monolayer or represents a local phenomenon. In Figure 2a , the experimental ideas of conductance scanning and of biotin permeation across a 'leaky region' is depicted schematically. On each monolayer an area of 1 mm 2 was scanned in steps of 100 mm. As shown in Figure 2b , basal conductivity was unchanged in infected and control monolayers (2.5±0.8 mS/cm 2 after Y. enterocolitica infection vs 2.2±0.6 mS/cm 2 in controls; n ¼ 7) and was assumed to reflect intact regions of the monolayer. On top of this basal conductivity, local increases in conductance were observed (G leak , mS). As described previously, 37 such slight increases from basal conductivity were associated with apoptotic rosettes characterized by the enlargement of adjacent cells visible in both controls and infected monolayers. As all leaks detected in controls were corresponding to apoptotic events, an extrapolation line was drawn in safe distance above these values (1.6 mS, Figure 2c ). Apoptosis-assigned leaks exhibited a leak conductance of 0.68±0.07 mS (controls: 14 leaks and infected: 15 leaks). However, in Y. enterocolitica-treated monolayers additional regions of elevated leakiness were detected above the upper limit for apoptotic leaks (dotted line, Figure 2c ) and assigned as 'leaky regions'. This 'leaky region'-assigned leak conductance was 3.29 ± 0.56 mS (16 leaks) and thus five-fold higher than that caused by apoptosis.
Mean R t of all control monolayers amounted to 546±33 O Â cm 2 equivalent to a conductivity of 1.9± 0.1 mS/cm 2 (G con ). Infected layers had a mean total conductance of 3.5 ± 0.3 mS/cm 2 (G Ye ; Po0.001; n ¼ 7). Thus, G con and G Ye differed by 1.6 mS/cm 2 (GD). From GD and G leak a number of about 300 'leaky regions'/cm 2 was estimated (contributing to 46% of G Ye ).
Subsequently, it was possible to visualize highly permeable regions by means of a biotinylation assay. A Sulfo-NHSbiotin that binds to primary amino groups of accessible proteins was apically added to monolayers. After locating bound biotin with fluorescence-labelled streptavidin it became obvious that the intact HT-29/B6 monolayer did not permit passage of biotin to the basolateral space at all, since only the apical surface was labelled in controls (Figure 2d) . In contrast, Y. enterocolitica-infected monolayers exhibited focal areas of intensive staining of cell boundaries (marked with B in Figure 2d ). These sites did not represent visible leaks but were identified as 'leaky regions' , in which biotin could permeate from the apical side towards the basolateral compartment. These 'leaky regions' appeared in different size and randomly distributed over infected monolayers. Surrounding areas were not leaky and showed biotinylation only on the surface in accordance to controls (marked with A in Figure 2d ).
Paracellular Leakiness and Impaired TJs
Discrimination between paracellular and transcellular resistance was achieved by two-path impedance spectroscopy. The infection of HT-29/B6 resulted in an 8.5-fold reduction of R para to 354 ± 100 compared with 3012 ± 496 O Â cm 2 in controls (Po0.01; n ¼ 6). R epi reflecting the total resistance of the monolayer was 3.8-fold reduced to 184±16 O Â cm 2 , whereas uninfected monolayers showed 704±21 O Â cm 2 (Po0.001; n ¼ 6). Transcellular resistance was not significantly changed (1147 ± 477 in infected vs 978 ± 181 O Â cm 2 in control monolayers; n ¼ 6) (Figure 3a) .
To further elucidate the paracellular leakiness, changes of TJ proteins were investigated. Claudin-1, -2, -3, -4, -5, -8 and -10, as well as ZO-1, occludin and tricellulin were quantified by immunoblotting. Levels of claudin-2, -3, -8 and -10 were reduced to 58 ± 11% (Po0.01; n ¼ 6), 84 ± 7% (Po0.05; n ¼ 6), 63 ± 7% (Po0.01; n ¼ 6) and 70 ± 4% (Po0.01; n ¼ 6), respectively. ZO-1 was reduced to 52 ± 4% (Po0.01; n ¼ 6), expression of occludin tricellulin, claudin-1, -4 and -5 was unchanged (n ¼ 6) (Figures 3b and c) .
Localization of TJ proteins was characterized by confocal laser scanning microscopy. This was done in combination with the biotinylation assay for identification of 'leaky regions' (Figure 4) . Compared with confocal slicing (approximately 0.5 mm) the height of the cells throughout the epithelial layer varies considerably. Therefore, the entire TJ meshwork staining was visualized in imaged fields by maximum projecting z-stacks on the xy-plane. In infected monolayers, intact regions exhibiting no biotin passage showed the typical TJ meshwork for ZO-1, occluding, as well as claudin-3, -4, -5 and -8 comparable to controls. In 'leaky regions' labelled by biotin-passage, no change in ZO-1 (Figure 4a ), occludin or claudin-5 was observed (data not shown). In contrast, the claudin-3, -4 and -8 patterns differed in 'leaky regions' from that of surrounding intact regions and from controls. Claudin-4 ( Figure 4b ) and also claudin-3 (not shown) were re-distributed as indicated by a loss of the meshwork structure of the staining pattern and an enhanced intracellular signal. However, changes in claudin-8 staining were even more pronounced. Claudin-8 appeared diffuse in 'leaky regions' showing no typical TJ pattern any more (Figure 4c ). In addition, mRNA levels for claudin-8, claudin-3 and ZO-1 were examined by qRT-PCR. As early as 6 h after infection mRNA level of claudin-8 was reduced to 31 ± 11% (Po0.01; n ¼ 5), whereas the expression of ZO-1 mRNA was only slightly diminished to 79±4% (Po0.01; n ¼ 5). Level of claudin-3 mRNA remained unchanged (n ¼ 5) ( Figure 5 ).
TJ Strands Analyzed by Freeze Fracture Electron Microscopy
Because TJs of 'leaky regions' were lost or at least critically altered, to our experience such structures may not freezefracture as complete strands. Thus the identified TJ strands in infected cells may represent those of 'intact regions'. As a result, no significant changes were observed between controls and Y. enterocolitica infection regarding number of horizontally oriented strands, meshwork depth, density or occurrence of strand breaks 420 nm. All strands were of the ''continuous type'', none of a 'particle type' (Supplementary Figure S1 and Supplementary Table S1 ).
Role of Prominent Virulence Factors
In order to elucidate the virulence factor of Y. enterocolitica responsible for this barrier effect, the infection procedure was manipulated, seeking a crude classification of potential virulence determinates. As the expression of different Yersinia-virulence factors is temperature dependent, the bacteria were cultured at 27 or 371C before infection. However, the decrease of R t in HT-29/B6 was independent of bacterial culture temperature (data not shown). Moreover, only vital bacteria were able to cause the effect, as neither heat treatment of yersiniae (95 or 561C), nor Y. enterocolitica culture supernatants or bacterial lysates had any effect on R t (Supplementary Figure S2) . Also, YeO9-conditioned media, produced by co-culturing of HT29/B6 and bacteria, had no significant effect on R t (data not shown) revealing the presence of the epithelial cells was not necessary to trigger production and/or secretion of a responsible Y. enterocolitica virulence factor.
When the whole experiment was conducted over 48 h at 271C, no R t decline occurred (88 ± 13% after Y. enterocolitica infection vs 93 ± 15% in controls; n ¼ 6 each).
In a further approach, mutant-strains were tested for their effect on R t . HT-29/B6 monolayers were infected with three different mutant-strains derived from the wild-type WA-P (serotype O8): (i) WA-C cured of the pYV, (ii) WA-P inv À deficient for the chromosomal encoded invasion factor invasin and (iii) WA-C inv À lacking both pYV and invasin. The wild-type strain WA-P reduced R t to the same level as Y. enterocolitica O9. However, the infection of HT-29/B6 with each of the three mutant-strains resulted also in a significant drop of R t ( Figure 6 ). Although uninfected controls stabilized at 87 ± 3% (n ¼ 18), WA-C showed 51 ± 4% (Po0.001; n ¼ 18), WA-P inv À 41 ± 3% (Po0.001; n ¼ 6) and WA-C inv À 36 ± 3% (Po0.001; n ¼ 6) of the initial resistance, 48 h p.i. Thus, both invasindeficient mutants caused even a slightly more pronounced effect than the other Yersinia-strains (Po0.05, Po0.001). Invasion-deficiency was proved in a gentamicin-protection assay (data not shown). 
Cytotoxicity and Apoptosis
To examine, whether a loss of epithelial cells also contributes to barrier dysfunction, the amount of necrotic and apoptotic cells was determined. Y. enterocolitica-induced cytotoxicity was assessed by measuring the release of LDH from epithelial cells. In controls, a LDH-release of 1.1 ± 0.1% was detected (n ¼ 12). In supernatants of infected cell monolayers, LDH concentrations were increased (3.8 ± 0.8%, Po0.01; n ¼ 12). However, the amount of LDH released did not correlate with the decrease of R t (Figure 7a ). Mutant-strains WA-C, WA-P 
inv
À and WA-C inv À induced LDH-levels similar to wildtype yersiniae (data not shown).
Apoptosis induction was quantified in HT-29/B6 monolayers by TUNEL staining. Infection with Y. enterocolitica had no impact on epithelial apoptosis (Figure 7b ). The number of apoptotic cells detected in infected monolayers was not significantly different from that in controls (2.5±0.9% in infected monolayers vs 3.6±0.7% in controls; n ¼ 5).
For comparison, tumor necrosis factora and interleukin-13 as a positive control induced an increase in apoptosis to about 17.8 ± 0.7% (n ¼ 2).
Induction of Signaling Pathways
Recently, it was published that the Y. enterocolitica heat-stable enterotoxin (Y-STa) stimulates intracellular inositol trisphosphate (IP3) very quickly, which binds to the IP3 receptor and mobilizes intracellular calcium in rat intestinal epithelial cells. 38, 39 Accordingly, we examined in how far a calciumresponse could be stimulated in HT-29/B6 by cultured Y. enterocolitica using fura-2AM. As we expected a putative calcium-response very quickly, we measured intracellular calcium levels, about a duration, of 60 min after infection. As already described by Saha et al 39 the potent IP3 agonist ATP 40 was applied as positive control and induced a quick 4.2-fold±0.6 (n ¼ 3) rise in calcium from baseline levels (221.6 nM±37, n ¼ 9) in HT-29/B6. However, when monolayers were perfused with bacterial suspension (vital or heatinactivated yersiniae) at 37 or 271C no calcium mobilization occurred. Long-term effects were ruled out, as chelating intracellular calcium with BAPTA-AM before infection did not influence the course of R t . In the following, inhibitor studies were performed to examine, whether Y. enterocolitica affected any signaling pathway, which in turn regulates TJ protein expression directly. A detailed description of all inhibitors tested is shown in Supplementary Information, Supplementary Table S2 . It is interesting that only the c-Jun terminal kinase inhibitors SP600125 or JNKi1 partially influenced the Y. enterocoliticainduced decrease in R t . All other inhibitors could not stop or reduce the drop of resistance.
In Yersinia-infected monolayers treated with SP600125 R t was reduced to 33 ± 6.5% from initial resistance within 48 h p.i. This was comparable to infected monolayers not treated with SP600125 which amounted to 32 ± 0.8% (n ¼ 11). SP600125 diminished R t to 61 ± 0.7% vs control 78 ± 3.3% (Po0.01; n ¼ 11) masking a supposedly reduced decrease in R t (Figure 8a) . Thus, an other JNK-inhibitor, JNKi1, was examined, which had no effect on R t itself. JNKi1 reduced the Y. enterocolitica-induced decrease in R t by 9±2 % (Po0.01; n ¼ 4) (Figure 8b ).
As shown in Figures 8c and d JNK-phosphorylation was enhanced at 10 min after Y. enterocolitica infection (Po0.01; n ¼ 5), whereas other MAP kinases were not involved (Supplementary Figure S3 ). In order to clarify, whether TJ protein expression was affected by the inhibition of JNK protein level, ZO-1 and claudin-3, -4, -5 and -8 were examined by western blot (Figure 8e) . Inhibition of JNK resulted in a recovery of claudin-8 expression, whereas all other TJ proteins tested were not affected. Treatment with SP600125 restored claudin-8 protein level to 90 ± 6% compared with 66 ± 10% in untreated infected monolayers (Po0.05; n ¼ 5) and 96 ± 9% in control monolayers treated with SP60025 (Figure 8f ). Similar effects on claudin-8 expression were observed with JNKi1 (Supplementary Figure S4) . However, biotinylation and claudin-8 immunostaining of JNKi1-treated infected monolayers revealed that JNK-inhibition could not influence the claudin-8 redistribution process within leaky regions (data not shown).
Because the WA-C mutant strain decreased claudin-8 protein level as well at 48 h p.i. (Supplementary Figure S5) , the observed effects on JNK were independent from the PYV. DISCUSSION Y. enterocolitica infection is associated with diarrhea and especially children can suffer from severe enterocolitis. 41 However, the inherent mechanisms and morphological epithelial alterations are far from being clear. Until now, only an epithelial barrier disturbance was identified as a prominent feature in a mouse model. 6 This phenomenon could indeed contribute to diarrhea and may subsequently lead to other pathological events frequently observed with Y. enterocolitica infection, eg arthritis (cf. below). The epithelial changes responsible for this barrier defect, however, have not been elucidated so far.
Epithelial Changes in Y. enterocolitica Infection As known from previous studies HT-29/B6 is a suitable model for studying pathogen-induced barrier dysfunction. In the present study we found that barrier function was significantly changed in HT-29/B6 monolayers by Y. enterocolitica infection, indicated by resistance and flux measurements. As besides resistance only fluxes of paracellular markers with small hydrodynamic radii were enhanced (3.6 and 4.5 Å ), we propose Y. enterocolitica to trigger TJ regulation. This was also directly supported by data from two-path impedance spectroscopy.
Regional Leakiness in The HT-29/B6 Monolayers after Y. enterocolitica Infection One very important aspect of the present study is the detection of focal, unequally distributed barrier defects surrounded by 'intact regions' within infected monolayers. Functionally, these 'leaky regions' are characterized by an increased conductivity that could be detected by conductance scanning. Structurally, this regional loss in epithelial barrier function comprises changes in TJ protein assembly as visualized by confocal laser scanning microscopy. Within these 'leaky regions' TJ proteins were re-distributed off the TJ into subapical intracellular compartments.
Role of Claudins in Y. enterocolitica Infection
In addition to being distributed off the TJ, TJ proteins can also be downregulated in their expression level. In general, several of the 24 claudins have barrier function and elevate R t . Barrier-forming claudins present in small or large intestine are especially claudin-1, -3, -4, -5 and -8. 42 Within these, claudin-8 is a well-established barrier former of the TJ. 43 In addition to its re-distribution process, claudin-8 was found to be strongly reduced on protein-and mRNA-level in favour of expression regulation from the gene. Other claudins create cation selective pores with a concomitant decrease in resistance, eg claudin-2 44 and -10b. 45 However, claudin-2 is not present in the intestine under physiological conditions and is even slightly up-regulated during inflammation or epithelial restitution. The role of claudin-10 for intestinal barrier function is less well defined, as it was so far studied only in the kidney and its functional role has to be assumed to depend on the specific environment of the other TJ proteins in the intestine. Thus, taken together, claudin-3, -4 and -8 which are reduced or/and re-distributed off the TJ by Y. enterocolitica infection are the most prominent candidates to contribute to the barrier dysfunction observed in the present study. This is in agreement with other investigations describing different enteric pathogens to cause barrier dysfunction by affecting claudins. 23, 24, 46 Role of ZO-1 ZO-1 protein expression was substantially diminished in infected monolayers. This membrane-associated scaffolding protein 47 couples the major transmembranal barrier proteins as claudins, 48 occludin, 49,50 tricellulin 18 and JAM-A 17,51 to myosin-actin cytoskeleton. 52 As ZO-1 is not a strand component it has no direct effect on transepithelial resistance, but it is not unlikely that a reduction of the ZO-1 anchor can result in a disassembly of barrier relevant claudins from the TJ strands. 8 
TJ Ultrastructure by Freeze Fracture Electron Microscopy
To all of our experimental experience, it is unlikely that such critically altered cell contacts like the 'leaky regions' would yield freeze fractures fulfilling the morphological criteria of intact strands. Therefore, we presume that the identified strands of infected cells represent 'intact regions'. These TJ strands, however, were not significantly different to controls in any parameter of our morphometric analysis. This finding is in full accord with the conductance scanning data, which yielded in 'intact regions' no significant difference in ion conductance between controls and Y. enterocolitica-infected cells (Figure 2b ).
Necrosis and Apoptosis Induction by Y. enterocolitica
It is established that the loss of enterocytes can contribute to the leakiness of intestinal epithelia, as eg apoptotic events in the epithelium can increase the contribution of paracellular pathways to the overall epithelial permeability. 7, 37 However, Y. enterocolitica did not induce apoptosis but epithelial necrosis, indicated by an increase in LDH release. Y. enterocolitica-derived cytotoxicity has already been investigated in different tissues. The pYV-encoded YopP protein is essential for the induction of apoptosis in macrophages 53 and simultaneously induces caspase-dependent apoptotic and caspase-independent necrotic cell death in dendritic cells. 54, 55 In Hep2 cells, apoptosis has been shown to be invasin induced. 56 In contrast, Y. enterocolitica did not elevate the apoptotic rate in HT-29/B6 monolayers, but increased the level of necrotic cells. As LDH-levels were not diminished in mutant strain WA-C, WA-P inv À and WA-C inv À exposed monolayers when compared with wild-type yersiniae, cytotoxicity has to be assumed to be independent from invasin or Yop-proteins. Although necrotic cell death is very likely to contribute to leakiness, we did not find a correlation of LDH-release and R t -decrease 48 h after infection. One possible explanation is that Y. enterocolitica-induced necrotic leaks are properly closed by surrounding cells. Otherwise, it may be possible that barrier dysfunction from Y. enterocolitica-infection is triggered by the induction of necrosis that could end up in proteolytic cleavage of TJ proteins in epithelial cells, a phenomenon that is known eg from conditions with induction of apoptosis. 57 
Mechanisms of Interaction
It is interesting that the barrier function was only affected by viable bacteria and not by supernatants of cultured Y. enterocolitica. Other bacteria as eg Vibrio cholerae secrete toxins that disturb barrier function, namely the zonula occludens toxin. 23 Also, production and release of hemolysins as in the case of E. coli O4 represent an example for barrier modification by soluble factors. 9 However, Y. enterocolitica supernatants or lysates were not effective. Accordingly, we do not expect toxins or lipopolysaccharides to be involved. The role of the Yersinia heat-stable enterotoxin, which is only produced below 301C in vitro, 5 is controversially discussed. Saha et al 38, 39 showed Y-STa to stimulate IP3-level quickly resulting in calcium-mobilization by IP3R in vitro. We did not find vital Y. enterocolitica to stimulate a calcium-dependent response in HT-29/B6 cells.
Furthermore, the two mutant strains in our study still exhibited the barrier-disturbing effect. Thus, the barrier effect is independent of both invasin-mediated internalization and expression of the Yersinia pYV. These results differ from mechanisms described for Yersinia pseudotuberculosis, a close relative of Y. enterocolitica. Here, the plasmid encoded effector protein YopE of Y. pseudotuberculosis was shown to interfere with F-actin re-arrangement and subsequently to affect TJ structure and function. 58 However, Y. enterocolitica is more frequently associated with diarrhea than its close relative. Therefore, it is not unlikely that both bacteriae differ in their virulence factors for barrier perturbation.
Several studies revealed Y. enterocolitica to induce proinflammatory host cell response or to counteract host defense mechanisms by interfering with eukaryotic signal transduction pathways. For example, Yersinia invasin activates p38 and JNK in epithelial cells, which, together with MEK1, mediate the transcriptional activation of the interleukin-8 gene. 59 YopP induces cell death by the inhibition of MAPKs, predominantly p38 and JNK, in dendritic cells but not in macrophages. 60 In this study, we found Y. enterocolitica to induce JNK-activation resulting in a strong decrease in claudin-8 expression that was independent from Yops. As also invasin-deficient mutants caused a pronounced decrease in R t compared with wild-type strains, we do not expect invasin to be responsible for the JNK-activation in this setting. Although JNK inhibition restored claudin-8 protein level in infected monolayers to normal, it had no influence on claudin-8 delocalization within leaky regions. This may explain the slight effect of JNK-inhibition on R t . Moreover, Y. enterocolitica exerts a multimodal effect on epithelial monolayers. Consequently, it is not surprising that restitution of only one single component could only partially restore barrier function. Modulation of TJ protein expression by different signaling cascades has been described for different cell lines and conditions. [61] [62] [63] However, so far it is not clear, which signaling cascades alter the expression of ZO-1 and other claudins than claudin-8 in Y. enterocolitica infection. Moreover, the type of interaction remains speculative. A receptor-mediated interaction between vital bacteria and epithelial cells might be hypothesized. Claudin-3 and -4 have been described to serve as receptors for the Clostridium perfringens enterotoxin, thereby inducing barrier dysfunction. 24 Whether Y. enterocolitica directly interacts with TJ proteins remains uncertain. It seems more probable that the patchy pattern of the barrier defect could be caused by a not equally distributed access of the bacteria to the epithelial layer. This might depend on receptor exposure by single specialized cells within the epithelial monolayer or a discontinuous protective mucus layer on the apical surface of the cells.
Barrier-Disturbing Mechanisms of Y. enterocolitica Infection A leak flux mechanism of diarrhea as a result of the impaired barrier function had been proposed by our group for Y. enterocolitica-infection. 6 In support of this, in the present study on HT-29/B6 cells we identified the underlying mechanisms of this barrier defect and confirmed the important role of this pathomechanism. Other diarrheal mechanisms as active ion secretion or malabsorption were neither detected in mouse small intestine nor in HT-29/B6 cells. This may also explain why Y. enterocolitica is not that often detected as an inducer of diarrhea and more frequently recognized in the clinic as a source of extraintestinal manifestations. In this context it should be mentioned that an infection-dependent increase in luminal antigen uptake resulting from intestinal barrier dysfunction has been proposed to trigger arthritis 64 and inflammatory bowel diseases. 65 
Conclusion
In the present study, we introduced mechanisms of barrier dysfunction relevant during Y. enterocolitica infection. This pathogen exerts two different pathomechanisms, which both can cause leak flux diarrhea and seem not to depend on the typical Y. enterocolitica virulence factors, such as enterotoxin, invasins or Yops. On one hand, Y. enterocolitica induces 'leaky regions' due to the appearance of local TJ protein changes, characterized by TJ protein reduction and re-distribution of the TJ. On the other hand, necrotic cell loss takes place and may contribute to the barrier loss.
